ABSTRACT. This paper presents a synthetic approach to 14C dating of calcareous tufa, based on statistical analysis of correlations betwen lithologic type of tufaceous sediment, carbon isotope composition, and apparent age. Experimental data on several profiles from southern Poland and the United Kingdom reveal either constant or systematically changing values of apparent age. Constant value of apparent age in a profile can be attributed to calcareous muds precipitated from stagnant or low-energy water, and to tufas precipitated from turbulent water (oncoids, stromatolites, moss travertines) which are characterized by lack of significant correlation between 513C and 14C age of tufa carbonate. It was found that the relation between the apparent age of tufaceous sediment and 5'3C value of tufa carbonate depends on lithologic type of tufa. Phenomenological equations describing the dependence of apparent age upon S13C are given, and applied to estimate true ages of tufas from Gliczarow (southern Poland) and Folkestone (United Kingdom).
INTRODUCTION
In recent years significant efforts have been made to study various aspects of tufaceous sediments, including sedimentology, geochemistry, and methods of dating. Increasing interest was stimulated by the importance of such sediments in reconstructing climatic variations in the past. Reliable dating methods are the key to successful application of any method of climatic reconstruction. The radiocarbon method has been regarded unsuitable for dating tufaceous sediments because of unknown and variable initial 14C activity, and possible contamination from modern carbon with high specific 14C activity. Initial attempts at i4C dating tufaceous sediments (Thorpe, Otlet & Sweeting, 1980; Srdoc et al, 1980 Srdoc et al, , 1982 Srdoc et al, , 1983 have indicated real applicability of this method to dating spring tufas. It should be noted that early studies of Broecker and Walton (1959) , as well as Benson (1978) , are of limited value because they were dealing with lake tufas. Model considerations of Broecker and Walton (1959) concerning initial 14C activity of lake carbonate are unsuitable for dating spring tufas. However, some findings of Benson (1978) concerning diagenetic changes of tufaceous sediments, are valid also for spring tufas (Pazdur, Pazdur & Szulc, 1988) . Results of 14C measurements of tufa from several sites in southern Poland indicated significant variability of initial 14C activity and its dependence on sedimentologic and geochemical processes (Pazdur & Pazdur, 1986; Pazdur, Pazdur & Szulc, 1988) . This study explores the dependence of initial 14C activity of spring tufas upon isotopic composition of carbon. Radiocarbon activity of freshwater carbonate sediment at the moment of precipitation (Ao) is obviously influenced by isotopic composition of carbon compounds dissolved in water. Radiocarbon studies of ground water have resulted in the formulation of different models which estimate initial 14C activity of HC03-ions dissolved in water (Pearson, 1965; Vogel, 1970; Mook, 1976 Mook, , 1980 Eichinger, 1983) . However, physi- cochemical processes involved in precipitation of tufa are complex, and numerous environmental factors may influence them (Friedman, 1970; Usdowski, Hoefs & Menschel, 1979; Dandurand et al, 1982; Michaelis, Usdowski & Menschel, 1985;  Thorpe, Otlet & Sweeting, 1980; Szulc, 1984) . Direct application of such models in 14C dating of tufa has led to unsatisfactory results (Thorpe et al, 1981; Krajcar et al, 1985) .
APPARENT AGE OF CARBONATE SEDIMENTS
The radiocarbon age (TC) Observed values of q in both recent and ancient tufas usually lie from 0.5 to 0.95 (Srdoc et al, 1980 (Srdoc et al, , 1982 (Srdoc et al, , 1983  Thorpe, Otlet & Sweeting, 1980; Thorpe et al, 1981; Pazdur & Pazdur, 1986) . Consequently, the values of Tapp are included in the interval 500 yr < Tapp <5500 yr.
In dating speleothems, it is commonly assumed that q = 0.85 (A0 = 85 pmc) corresponding to an age of 1300 yr. Such a value (A0 = 85 pmc) is also presumed for tufas by Srdoc et al (1980 Srdoc et al ( , 1982 Srdoc et al ( , 1983 (Srdoc et al, 1980 (Srdoc et al, , 1982 (Srdoc et al, , 1983  Thorpe, Otlet & Sweeting, 1980; Thorpe et al, 1981; Pazdur & Pazdur, 1986; Pazdur, Pazdur & Szulc, 1988) could be explained by the dependence of Tapp on the bedrock type (which is a source of 14C-free carbon) and the type of sediment (Szulc, 1984 (Szulc, , 1986 . The type of calcareous sediments depends strongly on hydrodynamic conditions of water flow. Detailed classification of tufaceous deposits, based on their lithological properties and geochemical and biological conditions of sedimentation, has been described by Pazdur, Pazdur and Szulc (1988 (Pazdur, Pazdur & Szulc,1988) . Values of bc13C of carbonate samples are plotted in Figure 1 against their carbonate age (Tc) and, whenever available, against the age of corresponding organic fraction (TORG) The Tc values for the Folkestone and Thatcham Reedbeds profiles in the United Kingdom were calculated by the author from the data quoted by Thorpe et al (1981) . Smoothed dependence of bc13C upon Tc (and/or ToRG) is shown in Figure 1 by solid lines bc13C = aoc + a1cTc (5) and bc13C = aoR + a1RTORG (6) obtained by the least squares method. Parameters of the least squares line (aoc, alc, aoR, a1R) , the value of correlation coefficient r, and number (n) of experimental points used in calculation are listed in Thorpe et al (1981) could be classified as (Geyh, 1970 (Geyh, , 1983 . Line B (Fig 2) approximates results from profiles in Rzerzusnia and Trzebienice (bedrock: Upper Jurassic and Middle Cretaceous marls and limestones; low energy of water flow) and from the Thatcham Reedbeds site in UK (bedrock: Upper Cretaceous; water flow). Calcareous muds with large amounts of organic matter are intercalated in the Rzerzusnia profile between levels of tufa sediments consisting of pure carbonate (Szulc,1984; Pazdur, Pazdur & Szulc, 1988 Thorpe et al (1981) .
Tufas with high values of Tapp, independently of the kind of bedrock (Radawka: Lower Carboniferous; high energy of water flow; Folkestone: Upper Cretaceous; water flow) can be described by a common dependence of Tapp upon bc13C shown by line C (Fig 2) . One outlying result, from the Folkestone profile, corresponding to Tapp = 580 yr, was rejected from the data used to calculate the equation of line C. Figure 3 , which incorporates values of (Tapp ± QTapp) . The interval of OTapp for moss travertlnes from the Gliczarow site, for which the values of apparent age were not determined experimentally, has been evaluated from equation of line C (see Table 2 ). This step is justified by a similar secular trend of bc13C variations in sediments from the Gliczarow and Folkestone profiles (Fig 1) , and by similar range of bc13C values in both profiles (Table 3) .
TUFACEOUS SEDIMENTS WITH CONSTANT VALUE OF APPARENT AGE
Experimentally determined values of apparent age in each of the studied profiles show scatter, significantly exceeding intervals of measurement errors (Fig 3) . Therefore, it seems necessary to select a criterion which should help decide if the value of apparent age in a given profile could be regarded constant or not. In Figure 4 mean values of apparent age are plotted against values of ac13C extrapolated to Tc = 0; ie, aoc = &13C (Tc = 0), according to Eq (5). Two points representing calcareous mulls from the Sieradowice and Rzerzusnia profiles reveal significant correlation between 5'3C and T. The other points represent sediments for which the extrapolated value (aoc) coincides with the mean value of &13C in the profile. In linear approximation, the relation shown in Figure 4 can be described by the least squares line with equation: <Tapp> = (-0.78 ± 1.63) -(0.40 ± 0.20)aoc (9) where aoc is expressed in %o vs PDB, and <Tapp> in kyr BP. Broken lines in Figure 4 denote confidence intervals of Tapp for the given value of aoc corresponding to the hi confidence level.
The high value of correlation coefficient described by Eq (9) (r = -0.90) shows that, in profiles with constant apparent age, the Tapp value is determined by isotopic composition of carbon in the profile, independently of the type of tufa (calcareous muds, stromatolites, oncoids, moss travertines) and kind of bedrock. A constant value of the apparent age in a certain profile can be attributed to: 1) Calcareous muds, precipitated from stagnant or low energy water. Examples of such deposits are given by profiles in Rzerzusnia and Sieradowice. For such deposits significant correlation between Sc13C and Tc do not influence the value of apparent age.
2) Tufas precipitated in turbulent water flow (oncoids, stromatolites, moss travertines) which are characterized by lack of significant correlation extrapolated to T=O according to Eq (5) for tufa profiles with constant value of TaPp. Solid line-straight line described by Eq (9); broken lines-ld limits for <Tapp>. between bC13C and T. Examples of such deposits are presented by profiles in Raclawka, Rzerzusnia, and Trzebienice.
TUFACEOUS SEDIMENTS WITH VARIABLE VALUE OF APPARENT AGE
Tufas in the Gliczarow and Folkestone sites show a similar and distinct dependence of bc13C upon Tc (see Table 1 ). In the Gliczarow site, moss travertines and stromatolites do not form a single profile but occur in clusters on a hill slope (Szulc, 1984) . Experimental determination of the apparent age was not possible for dated samples from the Gliczarow site, but the values of Tape obtained for the Folkestone profile exclude the possibility of constant Tapp. Therefore, sediments of both sites are considered jointly, basing similarity on the equation of line C in Figure 2 ( Eq 8). No sedimentologic information on deposits in the Folkestone profile has been published by Thorpe et al (1981) . However, the data quoted in Table 2 indicate that the profile is bipartite. Its uppermost part (91-99cm) is characterized by an enormously low value of apparent age (580 yr) and low sedimentation rate (ca 0.2mm/yr). In the lower part of the profile sedimentation rate is equal to ca I.5mm/yr, and experimentally determined values of apparent age are high (3770 and 5920 yr). These values are close to those found for tufa deposited in high-energy turbulent water flow (Pazdur, Pazdur & Szulc,1988) . Values of apparent age predicted by line C (Fig  2) should therefore be applied only to the tufa from the lowermost part of the Folkestone profile, ranging from 112 to 185cm depth.
It should be noted that predicted ages of samples from the Folkestone profile do not show age inversions which can be seen in the column of carbonate ages T. Relatively large errors of estimated apparent age values for samples from the Gliczarow site are caused by inherent inaccuracy connected with extrapolation of the dependence of Tapp upon bc13C beyond the interval of its experimental verification. As quoted by Pazdur, Pazdur and Szulc (1988) , there are different geologic opinions concerning the age of tufas from the Gliczarow site. Present age estimates are consistent with the results of malacologic studies of Alexandrowicz (1985) 
